Introduction
Surface chemistry plays a key role in many fields of modern technology such as heterogeneous catalysis, solar energy conversion, or bioelectronics. The efficiency of the surface-confined processes sensitively depends on the interaction of adsorbates with their underlying support. Hence, changing the chemical nature and surface morphology of the support as well as the properties of the surrounding medium can greatly enhance or diminish the performance of the device. Therefore considerable research efforts have been made to design new types of support materials. However, probing the adsorbates and their processes on such surfaces yet represents a considerable challenge since there are no generally applicable analytical techniques that provide information about the molecular structure and dynamics of the adsorbates under in situ conditions.
In contrast to most surface-sensitive methods that are only applicable to solid/gas interfaces at very low pressures, surface enhanced Raman spectroscopy (SERS) can be employed to surfaces irrespective of the kind of the surrounding medium and thus may be the in-situ analytical method of choice in surface chemistry. [1] [2] [3] [4] [5] The main drawback of SERS that currently prevents a wider applicability is related to the signal enhancement mechanism which requires the resonant coupling of radiation with surface plasmons of the metallic support.
Such plasmon resonances strongly depend on the dielectric function and surface morphology of the metal, and so far mainly Ag and Au have been demonstrated to be capable of providing sufficient surface enhancement for reliable SER analysis. 6 Especially Ag affords a strong surface enhancement in a wide spectral range from the violet to the near-infrared region, [7] [8] [9] but unfortunately this metal is only of minor interest for technological applications. In this respect, other metals such as Pt or Pd are much more relevant, however, their intrinsic SERS activity is lower by several orders of magnitude than in the case of Ag 10 such that they are not considered as suitable supports for in situ SER spectroscopy.
To overcome this drawback several approaches have been developed in the past to induce SER activity for molecules adsorbed on plasmonic inactive surfaces. All these approaches have in common that they are based on hybrid systems consisting of a plasmonic component such as Ag or Au for optical amplification and a non-plasmonic component for surface chemistry: In tip enhanced Raman spectroscopy (TERS) surface enhancement is provided by a nanoscaled Au(Ag) tip that is brought in close vicinity to the adsorbate on a non-plasmonic support. [11] [12] [13] Although much insight can be given by this technique it requires a rather demanding setup. In-situ spectroscopy, however, does not necessarily need the high spatial resolution of TER spectroscopy but relies upon a flexible set-up that can easily adapted to the specific applications such as heterogeneous catalysis in reactors or electrochemical cells in bioelectronics. Therefore alternatively a strategy was proposed where the tip is replaced by an ensemble of nanoparticles that are spread onto the probed surface. [14] [15] [16] In this paper we have successfully expanded our approach to coral Pt island films. By variation of the excitation line, the target molecules and the spacer thickness, it was possible to identify crucial parameters for optimum induced surface enhancement at plasmonic inactive metal films. In addition, field enhancement calculations were performed on different multilayer Ag-spacer-Pt geometries to rationalize the experimental results. 
Materials and Methods

Chemicals
Electrode characterization
The surface morphology and elememental composition of the electrodes was characterized with scanning electron microscopy (SEM) and energy dispersive X-ray spectroscopy (EDX) using a JEOL 7401F operated between 8 and 12 kV equipped with an EDX detector Quantax XFlash® Detektor 4010 from Bruker. Specific surface area measurements by using multi point BET were done with Krypton gas adsorption measurements at 77,4 K with an Autosorb-1-C from Quantochrome. The samples were degassed at 80°C over night prior measurement.
Theoretical calculations
The field distribution was simulated using the Maxwellsolver JCMsuite, a finite element software for the computation of electromagnetic waves, developed by the Zuse Institut
Berlin. 26 The experimental structures were modelled by a three-dimensional but rotationally symmetrical geometry. An external electromagnetic field was applied with defined polarization wavelength and vector amplitude to calculate the field enhancement.
Results
Electrode preparation
Ag-SiO 2 -Pt electrodes were created following the procedure established for Ag-SiO 2 -Au in SiO 2 layers were generated by additional incubation of the electrode in a TEOS solution for 2 h. 30 The thickness of the SiO 2 layer could thereby be tuned by adjusting the concentration of the TEOS precursor. 31 Subsequently the Ag-SiO 2 electrode was dipped in APTES solution over night to obtain a positively charged amino-functionalised surface. This step resulted in an additional layer thickness of 1.0 nm.
32;33
An SEM picture of an Ag-SiO 2 electrode surface is shown in Figure 1A . electrodes. Corresponding EDX spectra of the Ag-SiO 2 -Pt electrode (C).
In Figure 1B an SEM picture of the electrode after electrochemical Pt deposition is shown.
The electrode surface is now covered by a Pt island film that exhibits also a coral like structure but with a smaller coral size than the underlying Ag support. The average diameter of the Pt nanocorals is approximated by 30 ± 10 nm. The presence of Pt could be proven by EDX measurements that can be seen in Figure 1C . It has to be noted that with increasing incubation time of the Ag-SiO 2 coated electrode in the PtCl 4 solution also islands with a thicker, film-like morphology were formed upon Pt reduction (see Figure S1 supporting information). Thicker and thus more closed films, however, led to a decrease in SER intensity of adorbates (vide infra).
Determination of REF for rough Ag electrodes
Prior to estimation of the surface enhancement of Ag- 
SER spectroscopy of mPy on Pt
Mercapto-pyridine (mPy) was used as a Raman probe to test surface enhancement at the Pt surface in Ag-SiO 2 -Pt hybrid electrodes. SER spectra of mPy adsorbed on Ag (black) and Pt 
SERR spectroscopy of Cyt c at Pt
Intense SERR (surface enhanced resonance Raman) spectra are obtained for the heme protein 
Calculations
The electric field enhancement distribution was calculated using finite element method for a electrode model geometry. The multilayered electrode depicted in Figure 5 A was modelled as follows: Starting with an infinite long bulk Ag electrode (y-direction) with a height of 100 nm, 3 half spheres were attached with a radius r 0 = 42.5 nm corresponding to the experimental determined average Ag coral size. The distance between the half spheres is unevenly distributed with two spheres being in close vicinity (6 nm) and a third one in a wider distance (62.5 nm). This structure is coated with a 2 nm dielectric spacer of SiO 2 and a 5 nm thin Pt film of same surface morphology. Water was taken as the surrounding medium. The applied external electromagnetic field is taken as a plane wave incoming from the right, propagating along the x direction. The light is assumed to be linearly polarized parallel to the y axis, the wavelength is set to λ = 413 nm and the vector amplitude is set to 1 0 = E r . For the chosen geometry it can be clearly seen that surface enhancement of the fields is still present at the Pt-H 2 O interface. Due to the choice 1 0 = E r the field enhancement is given by the absolute value of the electric field E r . Maximum field enhancement is achieved in the interspaces of the two close-by half spheres. The perfect coated uniform Pt film in Figure 5A (2D plot left side), however, does not resemble the Pt film that is present in the experiments. One of the main differences compared to the real samples lies in the fact that the Pt island film, as shown in Figure 1 , is not completely covering the underlying electrode, i.e. it exhibits hole-like defects.
To approximate the experimental conditions more closely, holes were introduced into the Pt film shown in Figure 5 B. Interestingly; these defects enhance the average electric field at the Pt surface. Figure 5 (right side) shows the corresponding 3D plots of the field enhancement for the perfect and disordered system. It can be seen that introducing hole-like defects generates more "hot spots" for surface enhancement in the SiO 2 /Pt interface. Most remarkable are the "hot spots" at the top of the half sphere and in the wider gap between the two spheres where no surface enhancement was observed in the absence of defects. It has to be further noted that a particularly large enhancement is observed at the sharp edges of the Pt islands, which are missing in closed films. To obtain the average SERS enhancement for molecules adsorbed on Pt, E r was read out at equidistant points 1 nm above the Pt surface for the geometries shown in Figure 5 A and B
respectively. The SERS enhancement of adsorbates placed at these positions is then given
40 Direct comparison of both type of Pt films shows that the average SERS enhancement per surface area is increased by approximately 80% for the disordered film.
Discussion
High quality SER(R) signals in Ag-SiO 2 -Pt constructs could be seen for non-resonant Raman This raises the question whether geometrical parameters of the multilayer hybrid system in general are the main factor for the magnitude of SER/SERR enhancement at the Pt surface.
The morphology of the Pt island film (Figure 1) shows a coral like nanostructure with smaller dimensions than the corals of the underlying Ag. Furthermore, the Ag-SiO 2 substrate contains areas with no or non detectable Pt. Both effects were simulated in the field enhancement calculations shown in Figure 5 by introducing small holes into the Pt film. As a result the average SERS enhancement is increased by ca. 80%.
This finding can be rationalised on the basis of two factors. First, the presence of holes will increase the number of incident photons on the Ag surface for excitation of surface plasmons and thus for field enhancement, whereas for closed Pt film losses due to reflection are much more severe. Second, the defects also create sharp edges within the Pt nanostructure.
According to theoretical predictions, such a geometric anisotropy in nanostructures provides a non-negligible contribution to the overall SER enhancement. 41;42 This so-called lightening rod effect focuses electric fields at the tip of metallic ellipsoids constituting an additional contribution to the field enhancement generated by metal particle plasmons. For Pt, which displays only a poor field enhancement due to particle plasmon resonances, such geometrical aspects are considered as the most important parameter for its marginal intrinsic SER activity. 10 In view of these considerations, we conclude that the morphology of the Pt film plays the most crucial role for its observed high SER activity. Simple electrochemical deposition, as proposed in this work, creates Pt islands on top of coated Ag nanostructures with a favourable geometry for induced surface enhancement. This hypothesis is further supported by SERR measurements on Ag-SiO 2 -Au hybrid electrodes where the outer Au film was formed via sputtering and thus exhibited a largely defect-free surface morphology. For this multilayer system no SERR signals of Cyt c could be detected.
Conclusion
This work presents a detailed investigation on how SER spectroscopy can be optimized in thin metal films that do not have intrinsic plasmonic activity. In the present Ag-spacer-Pt devices the SER intensity reaches ca. 50% of its value for Ag under otherwise identical conditions. The separation of Pt from Ag by a dielectric spacer has only a small effect on the surface enhancement but the silica coating efficiently prevents interaction of Ag with the adsorbates. As the most crucial parameter for the magnitude of SER enhancement the surface morphology of the metal island film could be identified whereas the chemical nature of the metal seems to play only a minor role. The defect containing outer Pt layer allows an efficient excitation of the Ag plasmons that are required to enhance the electric field in the vicinity of the Pt surface. The anisotropic shape of the Pt corals additionally promotes surface enhancement via the lightning rod effect. In summary, our results suggest that geometrical parameters of such multilayered electrode dominate the induced SERS efficiency on intrinsically SER-inactive metal films. Hence, the present approach should be applicable for analysis of adsorbates also on other types of metals, and thus may contribute to establish SER spectroscopy as a versatile in situ analytical tool for various applications.
